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Abstract: This paper uses Finite Difference Time Domain (FDTD) modelling to study impact of varying the polarisation 
of the point source(s) on both the single aluminium dipole nanoantenna and a 2 x 2 array.  Starting with the single dipole 
nanoantenna, this paper demonstrates the strong dependence of the Power Enhancement and resonance on the 
polarisation of the source by alternating between orthogonal polarisation states. With each element of the array excited 
by a single point source, the resonance, Power Enhancement and far field radiation patterns are observed as the 
polarisation of each source is rotated, in varying combinations. The results demonstrate that a unique far field radiation 
pattern is produced for each polarisation combination, which may lead to applications in sub-diffraction limit imaging 
and quantum optics. 
 
 1. Introduction  
The antenna concept has existed for well over a century[1-3] and nanoantennas have now extended the technology into the optics 
regime; combining classical antenna theory with plasmonics to dramatically enhance the emission and absorption of light [4]. 
Nanoantennas are nanoscale devices which couple freely propagating light to localised surface plasmons and vice-versa. 
Applications of the technology range from imaging to photonic circuits and sensors [5-9]. When an optical emitter such as a 
quantum dot or fluorophore is brought into close proximity to a nanoantenna, Purcell enhanced emission can occur [4, 10, 11]. 
Alongside this, the nanoantenna shape will produce a particular pattern in the far field, termed the radiation pattern in classical 
antenna theory.  If the antenna is part of a larger periodic array, the array element spacing can give rise to both radiation pattern 
shaping effects and surface wave propagation on the array; both of which have been widely studied in the RF literature[12] and 
the latter is termed Surface Lattice Resonances in the optics field[6, 13]. An important and well-known effect in RF antenna arrays 
is that of mutual coupling. This is where interaction between neighbouring elements in the array modifies the characteristics of the 
individual antennas. The simplest manifestation of this is detuning of the antenna resonance, thus one cannot simply use the design 
of a single element to evaluate the resonance of an array. Mutual coupling will also depend strongly on the orientation of emitter 
near each antenna. This paper will explore these effects through Finite Difference Time Domain (FDTD) modelling [14] and will 
show how the array far field pattern and resonant wavelength can be used to determine the orientation of emitters [15, 16] with 
respect to the nanoantenna arrays elements; this could find applications in single molecule fluorescence and quantum optics. 
 
The FDTD modelling is based on single elements and 2 x 2 arrays operating in the blue part of the spectrum, where they will 
find applications for enhancing fluorescence from many different types of naturally occurring compounds and molecules[17]. 
Literature[18, 19] has identified several promising materials for use in the near UV region; Al, Ni and Cu, amongst others. Based 
on a comparison of dielectric properties within the Drude-Lorentz model, Al losses are among the lowest over the 350-440 nm 
spectral region, making it a sound choice for nanoantenna design. Aluminium based plasmonics also carries a number of benefits: 
it is considerably cheaper than gold, self-passivates with a roughly 2-3 nm aluminium oxide layer[20] and has relatively low 
absorbance over a large spectral range [21, 22] 
 
In this paper Section 2 studies a single isolated antenna, considering the mechanism for enhancement and establishing the 
polarisation dependence. Section 3 shows results for 2 x 2 arrays under varying excitation conditions, with a particular focus on 
the enhancement and resonance. Section 4 presents and discusses the effects of mutual coupling on the radiation pattern with 
respect to source polarisation. Far field projections are based solely on fields above the substrate layer (emission into air). Section 
5 presents the conclusions. 
 
2. The Single Nanoantenna 
Figure 1 shows the basic building block of the work which is a dipole nanoantenna consisting of two 190 nm x 40 nm x 50 nm 
(l x w x d) aluminium arms separated by a 30 nm gap, in which the electric dipole source is centred. This dipole nanoantenna sits 
on a 500 nm thick glass substrate (n=1.5) which extends into the lower Perfectly Matched Layer, eliminating any reflection from 
boundaries of the glass. The aluminium properties are modelled using material constants from the literature[23].      
2 
 
                                                               
Figure 1: Single aluminium dipole nanoantenna with dipole source l=190 nm, w=40 nm, g=30 nm, d=50 nm, s= 500 nm, refractive index of glass, 
n=1.5. 350-550 nm Electric dipole source centred in the gap in both the x-y and y-z planes, 25 nm above the substrate surface. 
 
Previous studies [24] demonstrated that a metal nanoantenna structure causes an increase in the radiative decay rate which 
translates to shorter fluorescence lifetimes and an increase in observed intensity of the light radiated by the source. The wavelength 
at which this occurs is dependent on both the  arm length (l) and the aspect ratio (𝑙 𝑤⁄ )[10]. The gap length, g, determines the 
strength of the coupling between the two nanoantenna arms [25] and the light intensity, as observed above the gap, is known to 
show an inverse cubic dependence on g [7, 24]. In [20], it was demonstrated that Al nanoparticles are stable (in terms of 
resonance/performance) over time as the initial passivation layer of Al2O3 prevents further oxidation and/or deterioration of 
performance. For this reason, the oxide layer was not included in the simulations presented. 
 
The single aluminium dipole nanoantenna shown in Figure 1 is designed to resonate at 420 nm. In the FDTD simulations, it is 
excited by a 350-550 nm electric dipole source; first polarised along, then orthogonal, to the long axis of the nanoantenna. The 
entire structure is bound by Perfectly Matched Layers (PMLs) in all directions. 1 nm uniformed meshing is used over the dipole 
nanoantenna which gives a satisfactory balance between converge and computational requirements. Purcell’s work with single 
emitters showed the dependence of the emission rate on the local environment[26]. When coupled with a resonant cavity, like a 
nanoantenna, the enhancement in emission rate is known as the Purcell Factor[26, 27]. In this paper, the Purcell Factor is calculated 
by normalising the power radiated by the dipole source with the nanoantenna structure in place, to the power that would have been 
radiated by the source in a homogenous (free-space) medium. Novotny et al [28] demonstrated that emission rate is proportional 
to the local density of states (LDOS) which itself is proportional to power emitted by the source; making this approach to 
calculating the Purcell Factor (or Enhancement) less computationally intense and equivalent to the more widely known theoretical 
expression.  
 
Although the Purcell Factor is commonly quoted as a figure-of-merit for fluorescence and single emitter studies, recent literature 
[29, 30] suggests that, in its original form or isolation, it may not be representative of the efficacy of the nanoantenna system. For 
example, Barthes et al  [29] found that the Purcell Factor for an emitter placed near a plasmonic guide (nanowire) was constant 
despite increasing absorption in the waveguide. This is because the Purcell Factor describes the enhancement in emission from the 
dipole (source), but does not incorporate the various channels that it may take thereafter, and must therefore be considered with 
care. This is similar to the case of the Scattering parameters (S parameters) used in classic antenna characterisation. In electrical 
engineering, complex systems can be represented by N-port networks [31], where a port is a point or terminal in the system where 
power can be applied or received [31]. The input-output relationships between the ports are defined using S-parameters of the form 
𝑆𝑝𝑞 where p and q are port numbers [31, 32]. In a two-port network, 𝑆21, represents the power received at port 2 from port 1, 𝑆11 
and 𝑆22 represent the power reflected at ports 1 and 2 respectively. In practice, a low 𝑆11 would be desirable for an antenna and 
indicates very little power reflected at the input. However, 𝑆11 measurements do not discriminate between Ohmic losses and the 
desired radiation losses; hence, are rarely considered in isolation. In contrast, 𝑆21, describes the power transferred from the 
transmitting to receiving antenna and is a better indicator of how well the device radiates. In this paper, the figure-of-merit is Power 
Enhancement, defined as the net power transmission through a 3D box enclosing the nanoantenna, normalised to the power that 
would have been injected by the source in a homogenous free space environment. This approach is analogous to the 𝑆21 
measurement, which, together with the Purcell Factor, can give a more useful representation of the emitter-nanoantenna system. 
 
Figure 2 shows Power and Purcell Enhancement vs wavelength for two orthogonal source polarisations. When driven by the 
𝐸𝑥  polarised source, both the Purcell Factor and Power Enhancement followed a resonant profile with a peak at 420 nm, and 
maxima of 26 and 18.8 respectively. The relative drop from the Purcell Factor to Power Enhancement seen in Figure 2 is due to 
light from the source coupling to lossy channels in the nanoantenna, further emphasising the need to consider both figures of merit 
 
d 
w 
y 
z 
s 
3 
 
when evaluating nanoantenna performance. In contrast, there was no resonance when the single dipole was driven by an 𝐸𝑦 
polarised source, this shows that the 𝐸𝑦 polarised light could not couple to the plasmonic mode of the nanoantenna.  
 
 
 
Figure 2: Power and Purcell Enhancement for a single 190 x 40 nm dipole nanoantenna with a 30 nm gap when excited by an 𝑬𝒙 and 𝑬𝒚 polarised 
electric dipole source  
 
In Figure 3, we present the spatial distribution of the electric field magnitude as seen at the nanoantenna surface, at resonance, 
in the x-y and x-z planes. A 500 nm x 100 nm (x, y) planar monitor collects the time domain Electric field data at the nanoantenna 
surface which is then Fourier transformed to yield the frequency domain plots.  Several maxima can be seen along the nanoantenna 
long axis which is expected for higher order resonance [11]. In the horizontal (x-y) plane, the field is symmetric about the centre 
of gap but asymmetric in the vertical (x-z) plane. The strongest field magnitude is observed at the centre of the gap and follows a 
damped oscillatory profile along each nanoantenna arm. On the nanoantenna arms, the electric field is strongest at the interface 
between the metal nanoantenna and the dielectric media (air and glass) and decays more quickly in the metal than the dielectric. It 
is also evident that the field is greater in the glass substrate than the air, due to the relatively higher refractive index of the glass 
substrate. Light from the 𝐸𝑥 polarised source couples into the higher order surface plasmon mode and as these surface plasmons 
reflect at the nanoantenna boundary, they form localised plasmonic standing waves visible in Figure 3.  
 
 
 
          
                                                               (a)                                                    (b) 
Figure 3: |E| Field distributions at 420 nm as seen from (a) the x-y plane at the nanoantenna surface and (b) the x-z plane when driven by an 
𝑬𝒙 polarised dipole source 
 
Figure 4 shows the electric field distribution for the case of an 𝐸𝑦 dipole source. Unlike the previous case, the electric field 
remains concentrated in the gap and plasmonic coupling to the nanoantenna is not evident. The orthogonal polarisation of the 
source inhibits any coupling to the desired plasmon mode of the nanoantenna. 
4 
 
 
 
                           (a)                                               (b) 
Figure 4:|E| Field distributions at 420 nm wavelength, as seen from (a) the x-y plane at the nanoantenna surface and (b) the x-z plane when driven by 
an 𝑬𝒚 polarised dipole source.  
 
3. Polarisation Dependence of Nanoantenna Planar Arrays 
Nanoantennas are now being used and studied in arrays [6, 33-35]. Although arrays add complication to both the design and 
fabrication, they hold the promise of beam shaping, beam steering and increased sensing volumes. In tests and applications similar 
to that presented by Stokes et al [33], when using emitter-doped polymer layers as the local driving sources, it may not be possible 
to control the final polarisation of the emitting molecule. Likewise, for fluorescence detection from single molecules, it is 
imperative to characterise the effects of changing polarisations on the observed enhancement and far field.  
 
In this section, we present a 2 x 2 aluminium dipole nanoantenna array as shown in Figure 5 and explore the effects of different 
emitter orientations. Each element is separately excited in the gap by identical, coherent dipole sources and polarised either parallel 
(𝐸𝑥) or orthogonal (𝐸𝑦) to the nanoantenna long axis in various combinations, shown in Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Source excitation combinations. The polarisation of each source was varied such that resulting combinations 
from 1-7 vary from all sources x-polarised (1) to all sources y-polarised (7). 
 
Combination 
number 
Polarisation 
Dipole 
1 
Dipole 
2 
Dipole 
3 
Dipole 
4 
1 𝐸𝑥 𝐸𝑥 𝐸𝑥 𝐸𝑥 
2 𝐸𝑦 𝐸𝑥 𝐸𝑥 𝐸𝑥 
3 𝐸𝑦 𝐸𝑦 𝐸𝑥 𝐸𝑥 
4 𝐸𝑦 𝐸𝑥 𝐸𝑦 𝐸𝑥 
5 𝐸𝑦 𝐸𝑥 𝐸𝑥 𝐸𝑦 
6 𝐸𝑦 𝐸𝑦 𝐸𝑦 𝐸𝑥 
7 𝐸𝑦 𝐸𝑦 𝐸𝑦 𝐸𝑦 
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Figure 5: Uniform 2 x 2 array of aluminium nanoantennas with horizontal pitch, lh=510 nm, and vertical pitch, lv=140 nm. Each individual dipole 
nanoantenna based on the dimensions presented in Figure 2 and excited by a single source, numbered 1-4. 
 
In Figure 6, we plot the peak Power Enhancement (at resonance) against the number of x-polarised sources for combinations 1-
7 of Table 1. The maximum Power Enhancement of 15.9 is achieved when all four sources are 𝐸𝑥 polarised (combination 1) and 
minimum of 4.5 when all but one source is 𝐸𝑦 polarised (combination 6). Source polarisation affects the ability of incident radiation 
to couple to the plasmonic mode of the nanoantenna. As previously discussed, only the 𝐸𝑥 sources couple to the plasmon mode 
of the nanoantenna structure and subsequently yield enhancement. In general, Power Enhancement increases almost linearly with 
each additional 𝐸𝑥 polarised source (combinations 2-6). Combinations 2-4, all contain only 2 𝐸𝑥 sources, however, they are placed 
horizontally, vertically and diagonally, with respect to each other. Figure 6 shows that under those conditions, there is a noticeable 
fluctuation in the peak enhancement. It can be inferred that, the enhancement not only depends on the number of excited 
nanoantennas in the array but also the relative locations of these nanoantennas with respect to each other within the array. This 
effect also appears in classical antenna arrays, and is often exploited to engineer beam properties such as shape and direction. 
 
 
Figure 6: Bar chart of Power Enhancement vs Number of x-polarised sources. Combination 1 in Table 1 has 4 Ex polarised sources and shows the 
maximum enhancement. 
 
In Figure 7, we plot the resonant wavelength against the excitation combinations used. For ease of comparison, we include 
combination number 1/1 which relates to the case of a single 𝐸𝑥 driven antenna within the 2 x 2 array. Prior to any changes in the 
6 
 
polarisation of the sources, two resonance shifts can be seen when the dipole nanoantenna is placed in the 2 x 2 array. Firstly, the 
presence of the other nanoantennas (numbers 2-4, see Figure 5) within the array, induces a red shift of the single nanoantenna 1’s 
resonance to 426 nm from 420nm for a single isolated antenna (see Figure 2).  Secondly, when nanoantennas 2-4 were driven with 
identical 𝐸𝑥 polarised sources; there is a blue shift of roughly 16 nm. For source combinations 1-6, the number of 𝐸𝑥 polarised 
sources gradually reduces from 4 to 1, resulting in a linear red shift of the resonance back to 426 nm.  
 
 
Figure 7: Bar chart showing resonant wavelength variation with source combinations as shown in Table 1. 1/1 is the case of a single driven antenna 
within the 2 x 2 array and resonates at 426 nm which is 6 nm red shifted with respect to the single isolated nanoantenna (420nm). On the inset, each 
bar represents a dipole nanoantenna and the dot relates to an Ex polarised source the remaining sources are Ey polarised (not shown); in the 1/1 case 
the dot represents the only source present in the simulation. 
 
Considering the earlier classical antenna comparison, it is common that when antennas are placed in arrays, some of the energy 
destined for the far field, may interact with other elements in the array. This is known as mutual coupling and is dependent on the 
relative orientations and spacing between antenna elements [36]. Consider the 2 x 2 array shown in Figure 5, it is expected that 
most of the light leaving nanoantenna 1 will radiate into the far field, however, a substantial proportion will be directed at 
nanoantennas 2-4. Some of this light will re-couple into plasmons before being scattered again to the far field or other 
nanoantennas, while some will interfere with the dipole sources directly (mutual impedance) or couple to lossy channels. Mutual 
coupling is a complex process with noticeable effects on the behaviour of the array. In general, coupling effects are directly 
proportional to the number of 𝐸𝑥 polarised sources, as can be seen in Figure 6 and 7.   
Figure 8 shows the Power Enhancement spectra for combinations 3-5; although in all three cases, only 2 𝐸𝑥 polarised sources 
were present, the spectra can be easily distinguished. When the two 𝐸𝑥 polarised sources are oriented diagonally (combination 5), 
the resulting Power Enhancement spectrum is narrowest and broadens for both horizontal (combination 4) and vertical 
(combination 3) orientations. The highest Power Enhancement is achieved when the two sources are diagonally positioned within 
the array and lowest when arranged vertically. In terms of resonant wavelength, the diagonal case has the largest detuning from 
the single excited nanoantenna case and the amount of detuning can be taken as a measure of the strength of the coupling between 
the nanoantennas. These interactions are mainly governed by the radiation pattern of the individual antennas and since we are 
operating in a higher order resonance, they are not those expected for conventional fundamental mode RF dipole antennas. In 
section 4, we will calculate the higher order mode radiation patterns and will discuss Figure 8 with reference to these patterns. 
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Figure 8: Power Enhancement vs wavelength for source combinations 3-5 
 
In Figure 9, we plot the electric field intensity maps at the array surface, for combinations 3-5, to establish the underlying changes 
which influence the array characteristics. These maps show the interaction of fields among the array elements and allow us to 
make some useful qualitative observations. As previously mentioned, elements in the array may couple in several ways which will 
affect array performance differently. Combining the information presented in Figure 8 and 9 gives further insight into the type of 
coupling occurring in each case.  
In Figure 9a, the two 𝐸𝑥 sources are positioned vertically with respect to each other; strongest field intensities are observed 
around the 𝐸𝑥 driven nanoantennas. Small, identical ‘hot spots’ can be seen at the outer edges of all the nanoantenna arms, 
suggesting little scattering from these sharp corners. Field lines between the two 𝐸𝑥driven elements are mostly confined to the line 
connecting the two sources, and the mode shape on the faces of the dipole nanoantennas arms opposite to other arms, appears 
more damped than those facing free space.  
In Figure 9b, with the 𝐸𝑥 driven elements horizontally oriented with respect to each other (combination 4), there are more field 
lines extending towards the other elements in the array. The mode shape now more closely resemble that seen in Figure 2 and 
more ‘hot spots’ are visible on both the 𝐸𝑥 and 𝐸𝑦driven elements; appearing stronger between adjacent nanoantennas.  
In Figure 9c, we observe that the strongest field intensities on the 𝐸𝑦 driven elements occur in combination 5; the field 
distributions at the gaps are almost identical and ‘hot spots’ are present with greater intensity at all nanoantenna boundaries. Earlier 
it was established that the electric field remains strongly confined to the gap when the nanoantenna is driven by an 𝐸𝑦 source. We 
can therefore conclude that any scattering or ‘hot spots’ would be as a direct result of fields induced by the 𝐸𝑥sources within the 
array. Figure 9 shows qualitatively that there is increasing coupling from 9a to 9c; this links to Figure 8 where detuning increases 
from combination 3 to combination 5. 
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     (a) 
 
    (b) 
 
   (c) 
Figure 9: |E| Field distribution at array surface under illumination from source combinations 3-5 in Table 1; two of the dipole sources were 𝑬𝒙 
polarised and the other two were 𝑬𝒚 polarised, such that the two 𝑬𝒙 sources were aligned (a) vertically/combination 3 =426 nm (b) 
horizontally/combination 4 =422 nm and (c) diagonally/combination 5 with respect to each other, =418 nm 
 
 
4. Polarisation, Mutual Coupling and the Far Field 
 In this section, we will consider the effects of varying the polarisation of the sources, on the radiation pattern of the nanoantenna 
array. The far field radiation pattern is the vector sum of the response of individual nanoantennas and the complex interactions 
between the array elements [12]. The glass substrate introduces anisotropy to the surrounding medium which can pose a challenge 
for conventional far field projections. One common solution uses the fields emitted in the air to calculate the far field above the 
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structure. Figure 10a shows a transverse section, parallel to the long axis, through the far field radiation pattern produced by FDTD 
modelling of a single isolated 190 x 40 nm aluminium dipole nanoantenna (see Figure 2) for varying mesh sizes. It shows that the 
results converge for mesh sizes below 2 nm, validating our choice of 1 nm meshing. The beam shape is directly related to the 
multi-polar resonance formed along the nanoantenna surface and is typical of the second eigenmode of the nanoantenna geometry 
[11]. There are two main emission peaks near ±45° each with beamwidths (Full Width Half Maximum (FWHM)) of 43° and a 
small single side lobe at 0°.  
In Figure 10b, we show a transverse section through the far field radiation patterns of both the single nanoantenna and a 2 x 2 
array of the same dipole nanoantennas in the ideal excitation scenario; all sources 𝐸𝑥 polarised and coherent. For ease of 
comparison, the field intensities are normalised to the respective maxima and plotted on a common vertical dB axis. Compared to 
the single nanoantenna, the general beamshape remained unchanged except for narrowing of the beamwidth to 28° and two 
additional side lobes at ±20°. The narrowing and side lobe formation are as a result of the additional elements in the same emission 
plane and is common in antenna arrays. Also noteworthy, the emission peaks of the array have shifted by 7° to ±52° and resonant 
wavelength blue shifts by 10 nm to 410 nm in the case of the array. 
 
                  
                                                    (a)                                                                                                  (b) 
Figure 10: (a) Far field radiation pattern for a single isolated dipole nanoantenna at resonance, 420 nm for varying mesh sizes; results converge for 
mesh sizes below 2 nm(b) Transverse section through the far field projections of the single dipole nanoantenna and a 2 x 2 array of identical dipole 
nanoantennas all excited by 𝑬𝒙  sources and at resonance, 410 nm. For ease of comparison, field intensities are normalised to their respective maxima 
and plotted on a common dB axis. (Where Theta=0o is emission along the positive z-axis in Figure 5) 
 
Scatterers, such as nanoantennas, when placed in an array, will tend to interact electromagnetically; this is well known in the 
classical antenna world as mutual coupling [36]  and in the nanoantenna world as dipole interaction [6]. In the absence of mutual 
coupling within an array, any currents or field distributions on a given array element are independent of the other elements within 
that array. Provided the structures and excitation conditions are identical, the overall far field response can readily be determined 
using a classical antenna concept called Pattern Multiplication [12].  
 
Pattern multiplication states that for a uniform array of N identical antennas, the radiation pattern of the array is given by the 
product of the Array Factor (AF) and the radiation pattern of a single element U. The emission characteristics of an array of 
antennas are described by the AF. The AF is a complex vector function of element spacing, d, amplitude weighting, a, relative 
phase weightings, β, the incident electromagnetic (EM) wave with wave vector k and phase 𝜃 and number of antenna elements, 
N. The resulting expression for the far field radiation pattern of the array, 𝑈𝑎𝑟𝑟𝑎𝑦, is: 
 
𝑈𝑎𝑟𝑟𝑎𝑦 = U ∑ 𝑎𝑛e
j(n-1)(kd cos(θ)+β)N
n=1                                             (1) 
 
Pattern Multiplication neglects any coupling between array elements and therefore allows us to investigate the effects of mutual 
coupling. By applying appropriate substitutions into (1) we can therefore investigate the impact of mutual coupling on the resulting 
far field radiation patterns when the polarisation of the sources are varied in different combinations.  
 
As previously discussed, the sources are all coherent, therefore we can apply zero phase weighting and initial phase of zero. The 
element spacing is normalised to the resonant wavelength of the single nanoantenna. In Figure 11, we plot the far field patterns of 
the 2 x 2 array excited by combinations 3 and 5 with and without the 𝐸𝑦 sources present. It shows that the presence of the 𝐸𝑦 
sources does not significantly affect the far field pattern. As a result, for simplicity, we apply binary amplitude weighting of 0 to 
𝐸𝑦 driven elements, and 1 to 𝐸𝑥 driven elements. Finally, the single nanoantenna radiation pattern from FDTD can then be 
substituted into (1), with varying amplitude weightings, corresponding to the different excitation combinations, to produce the 
Pattern Multiplication approximation of the far field response.  
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Figure 11: Far field radiation patterns of 2 x 2 aluminium nanoantenna array excited using combinations 3 and 5 with and without the Ey 
sources included in the FDTD simulation. 
 
In Figure 12, we plot a transverse section parallel to the long axis, through the radiation patterns produced by Pattern 
Multiplication and FDTD when the 2 x 2 nanoantenna array is excited using combination 3. The Pattern Multiplication plot is 
symmetric about 0° with the main emission peaks at ±50°, 3 side lobes centred at 0° and ± 20°, as well as 4 nulls at ±11° and ±24°. 
The FDTD plot, however, is asymmetric about 0°, the main emission peaks lie at ±55°and there is a single null at -6°. From these 
plots, it can be inferred that, due to mutual coupling, the side lobes near ± 20° possibly merged with the main lobes; cancelling 3 
of the 4 nulls and generating secondary peaks on the main lobes.  
 
Figure 12: Transverse section through the long axis, of the radiation pattern of a 2 x 2 aluminium dipole nanoantenna array produced using Pattern 
Multiplication and FDTD with excitation combination 3. 
 
The phase and amplitudes of the electric field along the nanoantenna surfaces contribute to the far field properties and due to 
mutual coupling become interdependent. The self-impedances, of nanoantennas in isolation, are replaced with the concept of 
active impedance [37], which is the combination of the self-impedance and mutual impedance. Mutual impedance describes the 
relationship between the current on the driven antenna and the voltage induced on another antenna in the array [38, 39]. By 
definition, it is expected that the mutual impedance will vary with polarisation of the sources and would therefore yield uniquely 
identifiable far field patterns.  
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In Figure 13, we observe the far field radiation patterns calculated by FDTD for the 2 x 2 array under excitation conditions 1, 3 
and 5. Under combination 1, the radiation pattern is symmetric about the 0° and 90° lines with emission peaks at ±52°. 
Combinations 3 and 5 relate to two 𝐸𝑥 and two 𝐸𝑦 sources arranged vertically and diagonally, respectively and there is a clear 
distinction between the two far field patterns. The far field pattern from combination 3 is asymmetric about the 90° azimuthal 
angle whereas the pattern from combination 5 is symmetric. In addition, we observe an additional side lobe at elevation angle of 
20° with combination 3 and the pattern from combination 5 is rotated with respect to combination 3. This is due to the diagonal 
symmetry of the near field distribution across the array seen in Figure 9. 
 
                      
Figure 13: FDTD far field radiation patterns for the 2 x 2 aluminium dipole nanoantenna array excited using combination (a) 1 (b) 3 and (c) 5; arrows 
indicate the polarisation of each source 
 
Figure 14 shows the transverse section through the long axis, of the radiation patterns for the 2 x 2 nanoantenna array excited 
using combinations 1, 3, 5 and 6. The vertical scale was kept as field intensity (|E|2), to highlight some key features. Firstly, it is 
evident that the field intensity varies significantly with the polarisation of the sources, as discussed earlier. From the graph, it is 
clear that the beam shape also depends on the source polarisations. Excitation using combination 3, for example, results in a far 
field radiation pattern that is asymmetric about 0° whereas the pattern from combination 5 is symmetric. In addition, we observe 
secondary peaks on the main lobes with combination 3 but well defined side lobes near ±20° from combination 5. There are also 
some similarities between the shape of the far field radiation patterns for combinations 1 and 5, and likewise combinations 3 and 
6. However, it holds that for the radiation patterns that are similar in shape, the peak field intensities are significantly different.  
 
 
Figure 14: FDTD calculated far field projections for the 2 x 2 aluminium nanoantenna array using source combination 1, 3, 5 and 6.  
 
The radiation patterns in Figures 10, 11 and 12 show that unlike the fundamental mode in a dipole antenna which has an almost 
omnidirectional radiation pattern [12] with a maximum normal to the antenna axis, this higher mode has a minimum. This results 
in the coupling and detuning effects seen above where diagonally oriented (combination 5) sources give much more detuning than 
vertically aligned ones (combination 3). This highlights the flexibility that antenna array can give through choices of individual 
antenna modes, array spacing and array size. 
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5. Conclusions 
This paper explores the potential for harnessing the effects of polarisation and mutual coupling within a nanoantenna array for 
identifying the characteristics of the excitation sources. Power Enhancement, in contrast to Purcell Enhancement, is used to 
quantify the amount of emission enhancement for the nanoantenna-emitter system. Starting with a single aluminium dipole 
nanoantenna, by switching between orthogonal polarisations, it becomes evident that the Power Enhancement depends strongly 
on the polarisation of the source. When placed within a 2 x 2 array of nanoantennas, the dependence on polarisation of individual 
sources strongly influences the interactions between the nanoantenna elements. As the source polarisation is switched between 
orthogonal states in varying combinations, both the resonant wavelength and Power Enhancement show a linear relationship with 
the number of sources polarised along the nanoantenna long axis. In the near field region, the polarisation dictates the mode of 
interaction (mutual coupling) between elements within the array, resulting in noticeable changes in far field properties. These 
results suggest that the source orientations become identifiable from the far field radiation patterns. Mutual coupling cannot be 
avoided in antenna arrays and has traditionally been considered an adverse effect, however, we have demonstrated that it can be 
harnessed to provide useful information about the sources. These results may lead to applications in sub-diffraction limit imaging 
and quantum optics. 
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